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ABSTRACT 


Oxidation behaviour of 2.5 Cr - 1 Mo steel was studied in 
air, oxygen and oxygen water vapour mixture. Isothermal 
runs were carried out at 1 atm pressure at various 
temperatures, ranging from 500° C to 1000° C. Rate laws were 
determined at each temperature and activation energies were 
thus calculated. Effect of time, temperature and medium on 
oxidation rate has been described. 

Effect of surface finish, cold work and oxygen pressure 
on oxidation rate was also determined. 

Oxidation products have been examined, systematically using 
optical microscopy, SEM, EDAX and X-ray Diffraction. Itew 
oxide layers were also observed in TEM. 
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INTRODUCTION 

Chromium-Molybdenum steels have been found to be 

useful materials for steam-generating components of various 

power reactors. Therefore a good amount of work has been 

published about the compatibility of these steels with 
1-3 

steam . Previously these steels were being used in 

gas-cooled reactors, where carbon dioxide gas was used as 

4-7 

coolant. Hence many workers have studied in detail the 

corrosion and oxidation characteristics of these steels 

8 9 

in carbon dioxide. A number of papers * have also been 
published, where the mechanical properties of these steels 
have been discussed in detail. An extended revie A 0 
covering various aspects of chrome-moly steels was published 
in 1974. However, very few publications appeared in literatu: 
which can highlight the oxidation characteristics of these 
steels in air and oxygen. Present work has been carried 
out keeping this in view. 

Oxidation kinetics of 2.5 Cr - 1 Mo steel have been 
studied in air, dry oxygen and oxygen water vapour mixture 
between temperature ranging from 500° G to 1000° C. The 
analysis of the oxidation products formed has also been 
carried out systematically using optical microscopy, SEM, 

ED AX and X-ray diffraction. 



2 


An extensive literature survey on the oxidation 
characteristics of pure iron, chromium molybdenum and their 
alloys was made and is summarized below. 

OXIDATION OP PURE IRON : 

Iron is one of the most important metal which has 
been studied quite immensely and elaborately. Oxidation 
of this metal has been studied from room temperature 
to as high as 1100°C. These studies have been carried out 
in various environments like air, oxygen, water vapours, 
steam, carbon dioxide etc. A brief summary of the oxidation 
behaviour of this metal in these environments will be given 
here. 

Room temperature oxidation of iron has been reported 

11 12 12 
by many workers * . According to Gilroy et al. » film 

growth in air formed oxide on pure iron follows the inverse 

rather than direct logarithmic relationship. 

Above 250° C and at normal pressure of air or oxygen, 

the oxidation rate of iron has been found frequaatly to 
13-20 18 

be parabolic . Stanley expressed the parabolic rate 

constant between temperature 500°C to 1100°C by an equation 
Kp = 0.37 exp (-33,000/RT) g 2 cm"”^ sec” 1 . On observing the 
dependence of parabolic rate constant on temperature, one 
notes a break at 500-600°C, which is due to the fact that 
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FeO is not stable in bulk below 570°C, according to the 

iron-oxygen equilibrium diagram shown in Fig. 1.1, although 

it may continue to be present in the form of thin film 

o 21 22 

adjacent to the iron surface down to 400 C * . 

Iron forms three stable oxides, Wustite, FeO, 

magnetite, Fe^O^ and hematite, Fe 2 0j. FeO is a p-type 

conductor. The defects consist of vacant cation sites and 

equivalent number of electron defects represented chemically 

by trivalent Fe^ + ions. Consequently diffusion is essentially 

cationic via vacant cation sites. The diffusion ratio is 

relatively high. Fe^O^, also exists with an excess of 

oxygen, but the excess is much smaller than with Wustite, 

and the defect concentration correspondingly less. It 

follows from marker diffusion measurements by Birchenall 

17 23 

and his Colleagues * that both cations and anions 

23 

diffuse in Fe^O^. Hematite is an n-type conductor in which 

17 

anions largely diffuse . 

Effect of oxygen pressure on the oxidation of iron 

13 o 

was studied by Caplan et al. J at 500 C. They found, that 
oxidation was lower at 10 torr than at 760 torr owing to 

2 ' 

greater separation between oxide and metal. It is reported ^ ’ 
that at 900-1000°C if oxygen pressure exceeds 1-20 mm Hg 
a transition from linear to parabolic oxidation takes place. 
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At, % oxygen 

Figih e t'l Equilibrium diagram of the iron oxygen system. 
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Under these conditions, Fe^O^ and Fe^^ are formed on the 

top of the Wustite and oxidation becomes diffusion 

27 

controlled. Hauffe reduced the oxygen potential in the 
gas phase by using C0/C0 2 mixtures. In this case scale 
formed at 900-1000°C consisted only of FeO. They found that 
under these conditions the oxygen uptake was linearly 
proportional to time, although compact scale free of voids 
was formed., The oxidation rate was found to , depend on 
gas pressure in the following manner: 

K 1 - const - l*oo 2 /*co )0 ' n 

Pfeiffier studied the oxidation of iron at (10 - 1 mm Hg) 
established by Cu 2 0-Cu0 equilibrium and found that in this 
case only FeO was formed and obtained the linear rate constant 
varying with oxygen pressure as: 

= const, p°* 7 

From all these observations, the simplified picture 
shown in Fig. 1.2 emerges for the oxidation mechanism of 
iron above 600 C as given by Hauffe 1 . 

Below 700°C, the relative proportion of Wustite and 
magnetite in the scale does not appear to remain constant 
with time, but Fe^O^ is present in decreasing proportions 2 ^. 




Phase boundary reactions: 
t Fe + [□ Fe ++ +2«] ft0 -.zero 

II Fe 3 0 4 = [ 4 Fe 0 + □ Fe ++ +2® ] 

[®L*t D Fe++ * D F6 3+ ] reA '=2[Fe ++ ] Fe o 

III 12 Fe 2 0 3 -9 Fe 3 0t +[OFe ++ + 2 O Fe 3+ +S®L n 
2Fe 3 0 4 =3 Fe 2 0, n 0 0=^0]^ 

IV 'h (0 2 ) + [ DO"" +2 0 } Fe0j = -err 

Figure 1'2 Oxidation mrrhanism of iron al> we 600 '’G a 'tor 

! I AIM-Ti. 
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Below 570° C, Wustite disappears almost entirely. Since oxygen 

diffuses predominantly in Fe^O^ s° me substantial 

17 

proportion in Fe^O^ , it may now reach the interface and 

even penetrate the metal. This was, in fact concluded by 

Vernon et al from various low temperature investigations. 

These workers showed that the thickness of strippable film 

remained approximately constant for oxidation times 

varying from 2Q-450h at 180°0, the weight increase of the 

specimens being due to oxidation on existing oxide inclusions 

beneath the Strippable film. At 225°C, however, the o^rgen 

absorbed resulted in progressive thickening of the strippable 

oxide film. Thus there appears to be a pronounced change 

in the mechanism of the oxidation of iron at about 200° C. 

Above this temperature, oxidation is essentially parabolic, 

*30-32 

below it becomes logarithmic^ . At low temperature 
obviously thin film mechanisms apply. The driving force for 
the ionic movement across the oxidation layer is not a 
concentration gradient but an electric field as in the Mott- 

Mauffe-Ilschnev model^, 

/ 

Oxidation of pure iron has been studied widely in 

■ar A-** 3 } 0 ] 

presence of watervapours or stear^ . Presence of steam 

accelerates the oxidation in oxygen of mild steel and two 

33 

grades of pure iron of varying purity. Rahmel et al. 
reported that the scaling rate of iron is not influenced by 
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water vapours at 750°C. At 850°C the rate rises by a 
factor of 1.2, at 950°C by a factor of 1.6 respectively, in 
presence of water vapour. They presumed that pores occur 
at the iron-wustite interface during the oxidation. In 
the presence of water vapour^ >a Hg/HgO mixture is formed 
in these pores which transports by an oxidation reduction 
mechanism, oxygen to the iron surface. Therefore oxide 
bridges are built up from the metal to scale, which enables 
the further oxidation of the metal without substantial 
inhibi tion, 

70 

Caplan et al. studied the oxidation of cold worked 
and annealed iron at 500°C and 550°0 in C >2 at 1 atm. pressure. 
They observed that apparent parabolic rate constant for 
cold worked Pe was high initially and dropped steeply and 
approached constant value at long times. Annealed iron 
oxidised slowly and developed voids between oxide and metal. 
Caplan and Cohen in 1967 observed that cold work increased 
the oxidation rate of iron in water vapour. According to 
them cold work metal surface provides sinks thereby minimising 
interfaeial detachment. 

Oxidation #f Chromium : 

Oxidation of pure chromium has been studied quite 

♦ 

widely by various workers. The literature on the resistance 
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of unalloyed Cr to oxidation has been summarized to I960 by 
Kubaschewski and Hopkins^ and Ignatove and Shamguhova^ , 
Hagel^ 1 reported the scaling of Cr in oxygen and air at 
700 to 1100°C. Widmer et al^ heated Cr in oxygen and air 
at 980 to 1200° C, Fox and McG-urty^ in air at 1260° C, and 
Wilms and Rea^ in air at 1038°C. Caplan et al.^ oxidised 
Cr in 1 atm of oxygen at 980, 1090 and 1200°C for periods 
upto 100 hrs. Mortimer and Post‘d in 1968 did an extensive 
study on the oxidation of pure chromium in oxygen under 
isothermal conditions in range of 650 to 1000°C for periods 
upto 1200h, 

The only oxide formed on heating Cr in oxygen at 

p O ylO 

various temperatures is CrgO^ * . Electron diffraction 

lines are sharp when the oxide is formed above 600 °C and 

diffuse for lower temperatures. X-ray examination shows 

4Q SO 

that OrgOj is also formed on heating the metal in air , 

but at high temperatures at least, some nitrogen is taken 

into solution, and this separates as CrgN on cooling in 

air, but is retained in solution on quenching in water. 

49 

According to Arkharov et al. J the oxidation rate in air is 

51 

less than that in pure oxygen CrgO^ is p-type semiconductor^ 
hence metal additions of higher valency than three seem to 
increase, additions of lower vacancy decrease the oxidation 
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52 

rate of chromium. According to Gulbransen et al pure 
Gr oxidised more slowly than a less pure one. 

Oxidation kinetics of Cr in pure oxygen has been 
described by Mortimer and Post^, in various stages 
According to the® in 0-2h oxidation a parabolic 
rate equation was obeyed and they found the activation 
energy of this process as 59.5 Kcal/mole. During 2-20h, 
the oxidation rate continued to decrease steadily but after 
2-5h the weight increase was always less than that predicted 
by the rate equation derived for 0-2K period. Instead the 
data for 5-20h period fitted a parabola with lower rate 
constant. The most interesting results were found during 
1200 h oxidation at 950° C. Airing this, sudden increases 
in oxidation rate observed from time to time. The first 
break appeared was during 60-80 hrs and the weight change 
was around 2.5 mg/ cm' . Five such breaks were observed 
during 1200h isothermal oxidation. 

Thus, according to Mortimer and Post^ high purity 

Cr oxidises by a diffusion controlled process during the 

of 0 

first few hours/oxidation in the range 650-950 C, The rate 

constants are in agreement with values for cation diffusion 

in CrgO^. Blistering and cracking of the scale oecurs at 

950°C. The scale on Cr is most susceptible to cracking 

but the origin of stresses is not fully understood. However 
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the stress appears to be an intrinsic feature of the oxidation 

mechanism and the blistering is apparently greatest in the 

finest grained scale. Further the oxidation of chromium 

is remarkably dependent upon experimental technique. 

According to Caplan behaviour of Cr in high temperature 

service could be improved if the rapid initial oxidation 

rate was avoided and if anion diffusion rate was suppressed. 

45 

Caplan showed that moisture does not significantly 
affect the oxidation of chromium. They observed the close 
correspondance between weight gain time curves for etched 
Cr oxidised in wet and dry oxygen at 1090° C upto 100 hr. 

Oxidation of Molybdenum 

Oxidation of Molybdenum has been extensively investigat 
in late fifties and early sixties, because of its very 
attractive mechanical properties at temperatures well above 
those covered by conventional creep-resisting alloys. 

Quantitative study of the oxidation of Mo has been 

53_5q 

pursued by a number of investigators . Molybdenum remains 

bright upto 200°C during a 2h exposure to air^, it tranishes 
to a steel-blue colour at 300° C and forms adherent oxide at 
temperatures upto 600° C. Above this the outer layer of 
Mo0^ becomes granular , then melts and volatilizes so that 

the rate of oxidation is very high and occurs with a net 

, . . ,,60—64 

loss xn weight 
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*5 3 *5 4 

G-ulbransen and his Co-workers measured the rate 

of oxidation in the pressure range 10~^ to 76 mm Hg of 
oxygen. A substantial increase in oxidation rate was 
observed with an increase of either temperature or pressure. 
At low pressure and times less than an hour , Mo oxidises 
according to a parabolic rate law. Below 450°C the oxide 
formed as a thin surface film is MoO^, above 450°C, Mo0 2 
forms with an associated increase in oxidation rate, with 
extended test times the oxidation curve deviates from the 
parabolic, although the coatings remain partially protective. 

k 3 

The rate constants for the parabolic oxidation of Mo 

o —1^ 

and Fe at 7.6 cm of oxygen pressure and 450 C are 3.35x10 v 
-13 -2 —1 

and 0.334 x 10 gm cm sec respectively. 

58 

Peterson and Fassell studied the oxidation of 
Mo at high pressures (1-47.6 atm 0 2 ) in the temperature rang 
500°C to 700°C. The only oxidation product observed under 
these conditions was MoO^. Above 525°C the oxidation rate 
becomes sensitive to pressure, increasing with an increase 
in pressure, at nearly all temperatures and pressures the 
oxidation is linear indicating a non-protective coating. 
However at temperature between 650°C and 700°0 a parabolic 
oxidation rate was observed by these investigators at low 
pressures, changing gradually to a linear rate at higher 
pressures. 
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eg 

Lustman^ reports that data prior to 1950 on the 
oxidation of Mo in air as a function of temperature are 
scanty. He noted that the oxidation rate not only increases 
with temperature but that during the course of a test at 
a given temperature, it also may increase with time. Lustman 
also reported that above the m.p. of MoO^, 795°C an essentially 

constant rate of oxidation was observed. 

59 

Simnad and Spiliners have studied the mechanism 
. f oxidation of Mo in pure O 2 at 1 atm. in temperature range 
50 0°C to 700° C. They found that vaporization of MoO^ from 
the surface of an oxidising specimen into pure oxygen at 
1 atm. is linear with time, with an activation energy of 
53,000 cal/mole below 650°C and 89,600 cal/mole at temperature 
above 650°G. They found that at low temperatures the formation 
of MoO^ is parabolic and at higher temperature is linear. 

The suboxide M 0 O 2 thickness does not increase beyond a very 
small critical thickness. At temperatures above 725°C 
catastrophic oxidation of an autocatalytic nature was 
encountered by them. 

In a later study by Jones et al. 5 of Mo in air, they 
found that initially the oxidation is parabolic changing 
ultimately to a constant rate. The detailed character of 
the oxidation curve depends on time, temperature and 

sample history. According to them oxidation of Molybdenum 
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from the surface inward is a rate process and not an 
equilibrium process, therefore it would be expected that 
several layers of oxide would co-exist on the Mo surface. 
Surface phases such as 

Molybdenum Molybde- Lower oxides 
metal num of Mo0~ 

saturated Molybdenum D 

with 

Can be inferred from the gradient of oxygen activi J :.- . 

By X-ray diffraction analysis and me tallo graphic study on 

some sheet sample oxidised at 571° 0, they were able to she 

three phases consisting of MoO^ the outer oxide layer, 

MoC) (3 ^ z*c-2) adjacent to the unoxidised metal core and 
z 

MoO z , (3 :>z' -c. z) at places where MoO^ got ruptured. With 

the help of marker studies they indicated that oxidation is 

initiated and then proceeds at the metal interface through 

diffusion of oxygen ions (0”~) to the metal oxide interface. 

6 6 

In air saturated wiih H 2 0 vapours, Friedrich 
reported that hydrous molybdenum oxide formation takes place, 

which follows a linear law, rate constant for which is 0,27 

-2 -1 

gm cm day 
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Iron-Chromium Alloys , 

A recent study of the oxidation of pure iron and 

iron -chromium alloys containing 0.2-10.0 pet. chromium in 

oxygen at 750-10 25° C shows that whereas the former follows 

parabolic 'law* the latter obeys no simple reproducible 

growth relation i At very low chromium contents, the alloy 

oxidizes more rapidly than iron initially, but for longer 

periods rate is less. As the chromium content is increased 

the oxidation rate falls at any given temperature. 

The mechanism of oxidation is probably essentially 

the same in oxygen, air, water vapour and carbon dioxide, 

namely the break-through of an initially protective * C^O^' 

rich layer followed by scale growth. However, the actual 

■ 69 

rate may show considerable variation. It is reported 
that oxidation rate is often slower in air. Most studies 
have been conducted in dry oxygen^ » 70-80 or air 
substantially dry'^*'^’^ 8 >81-83^ Somewhat similar behaviour 
is observed in the two environments but the growth rate in 
the initial stages and the eventual, break-throu^i is appre- 

71 

ciably faster as the partial pressure of oxygen is increased . 
While comparing results obtained in oxygen to air, one should 
be careful because difference may not be entirely due to 
variation in oxygen partial pressure. Compounds such as 
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CrgH may be formed under some conditions^ and nitrogen 

may be trapped in the ’Cr^O^’ lattice. Two ions replacing 
2 - 

three 0 ions would tend to make the 'CrgO^' mpre nearly 
stochiometrie , so cutting down the oxidation rate. In almost 
all cases, water vapours in small or large quantities 
increase the scaling rate of pure Fe-Cr alloys' . . Probably 

the main reasons for the rate differences are again connected 
with the influence of atmosphere on the 'CrgO^' defect 
structure. In water vapour atmosphere, the film is effectively 
being produced at a lower oxygen potential and may also 

i ^ on 

contain H and OH ions. According to Wood' a slightly cation- 

deficient 'Ch^Oj’ lattice in presence of OH” ions in place 
2 _ 

of 0 ions would effectively increase the number of cation 
vacancies and hence the growth rate. It is also significant 
that in water vapour oxidation, appreciably more • FeO' is 
formed and ’FegO^’ is generally absent. ' The absence of or 
reduced quantities of the less ductile ‘Fe^Q.^* and *Fe 20 ^’ 

’• OO 

may make some contribution to the increase,! rates' . 

Pure 'iron-chromium alloys containing over 13 pet. Or 
are in equilibrium with Cr 2 0 3 containing little dissolved 
Fe 2 0 3 , at least at 1000°G and 1300°C 77 , Alloys of lower 

that ia&er layers of nodules contain principally a mixture 


chrojnium content axe in equilibrium with Fe J?< 

(0 x jk 2). diffraction techniques 7 ^ and EPMA prov 


-x) ar x°4 



17 


of chromium oxide and iron oxides and the outer regions 

almost pure oxides of iron. In the completely stratified 

scales various combinations of 'Cr^O ' *Fe Fe/~ vCr 0/ 

2 3 (2-xj x 4 

rich in chromium, 'FeC, ’Fe^O^' and ’Fe20^' may appear, 
usually in this order from the alloy to the outer surface, 

Cn Co n>*i 

depending upon the conditions ' * * . EPMA of scales 

produced on Fe-14. 4 pet. Cr alloys in steam at 950-1000° C 

clearly reveal two major scale layers, the outer one 

consisting largly of 1 FeO* and the inner one containing 

a rather complex distribution of oxides of iron and 

chromium"^. Many other workers^® have also shown increased 

Cr content near alloy oxide interface. 

During oxidation underlying alloy is depleted with 

respect to Cr and with respect to certain other alloying 

elements in the case of complex alloys. For Fe-14. 4 pet. Cr 

oxidised in steam for 10-30 min, there is a 5-micron wide 

90 

layer showing depletion, the minimum recorded being 

11.5 pet. Cr. The appreciable depletion is related to large 

activation energy of inter diffusion of iron and Chromium^. 

It appears » currently accepted theories on the vacancy 

mechanism of diffusion do not easily explain diffusion rates 

in the Fe-Cr alloys. Ring diffusion or some other mechanism 

may be involved at some compositions^ . Another important 
93 

investigation^ , the influence of adding 10 pet. of third 
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element on diffusion of Cr in Fe was studied at 950-1000°C. 

Sn increases the rate, W and Ui have little effect and Ti, 

Si, Nb and Be reduce the rate by a half to a tenth. 

When the Gr content of an Fe-Cr alloy is very low, 

the alloy should scale in much the same way as pure iron 

except that the thickness, composition and mechanical 

properties of the 'FeO f , ’Fe^O^’ and 'Fe20^’ layers will be 

affected by the Cr. The observation that in the. initial 

stages Fe-0.2 pet. Cr oxidises more rapidly than Fe in 
67 

oxygen could be explained by the fact that Cr present in 
the FeO making it even more cation deficient. It seems 
then that the reduced rates of oxidation of low Fe-Cr alloys 
as compared witfe. iron are due to the presence of 
Fe Fe^ 2 _ x ) Cr^O^ s Pi ne l and to the decreased amount of FeO 
formed^. 

Oxidation rates are affected to a greater or lesser 
extent by the presence of other alloying and ’tramp’ 
elements.. Oxides of these elements, distributed in the 
bulk oxide in solid solution or as discrete layers or particles* 
may affect the defect structure and conductivity and hence 
the growth rate of scale and its mechanical properties, in 
particular its adhesion to the alloy and its plasticity. 

Here only the effect of Mo will be mentioned. 

Mo is enriched in passive films formed at room 

Q A 

temperatures ’ small quantities of this element may be 
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tolerated in stainless steels at high, temperatures but 

larger quantities of this element can lead to catastrophic 

destruction of the oxide . The situation appears to 

depend on the Mo and Cr contents and on the temperature. 

The location of the Mo within the scale may be important 
96 

Ralph recently has suggested various alloys forced by 
combination of chromium and Mo which have excellant corrosion 
resistance. For example 18 Cr - 2 Mo steel has corrosion 
resistance at least comparable and frequently superior to 
that of AISI type 304 » 26 Cr - 1 Mo steels provide outstanding 
performance in caustic environment and 29 Cr - 4 Mb steels 
provide extraordinary corrosion resistance. 

Iron -Molybdenum Alloys 
97 

Rahmel^ and coworkers studied the oxidation of 
Fe-Mb alloys (Mo content from 0.5-5. 6 wt pet.) in air at 
temperature range from 500-1000°C. They concluded' that 
presence of Mo reduces the oxidation rate of Fe by almost 
a power of 10. Scale on Fe-Mo alloys is built up of 3 layers 
between 500-620°. Below the outer layers of hematite and 
magnetite a thin layer of Fe^MogO-^g lies directly above the 
metal. Between 620° C and 700° C the scale is again built up 
of 3 layers but in stead of Fe^MogO^g below the outey layers, 
a 2-phase layer built up of Wustite and the spinel Fe 2 MoO^ 
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was detected. Above 700° C the scale is built up of 4 layers 

which differs from the layers formed at 620-700°C. In that, 

between the magnetite layer and the inner 2-phase layer, 

a closed Wustite layer is formed. The reduction of 

oxidation rate is due to the formation of inner Fe-Mo-0 

compound. Since diffusion coefficient of Fe in compound 

FegMoO^ or Fe^MogO-^g are very likely to be smaller than 

Wustite or magnetite. Mo is accumulated in the inner most 

layer while the outer layers are almost free of Mo. 

98 

Vladimirova et al. studied the oxidation of Fe-5 pet. 
Mo and Fe-10 pet. Mo alloys in air between temperature range 
600 to 900°C. The apparant activation energy for 5 pet. Mo 
alloy was found to be 39685 cal/mole and that for 10 pet# 

Mo alloy was 40,535 cal/mole. They expressed the oxidation 
process for 50 pet. alloy at 700 -900° C by equation 

log E * - 39,685/4. 57T + 7.64 
and for 10 pet alloy as 

log K = - 40,535/4. 57T + 8.04 

where K is the rate constant. 

96 

As found by the previous author^ the top layer was Fe20^ the 
middle Fe^O^ and inner layer was porous FeO with Mo inclusion. 
Due to the slow diffusion of Mo in comparison to 0 and Fe, 

Mo accumulates in the inner layer of oxide. 
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CHAPTER 2 


EXPERIMENTAL 


2 . 1 Materials 

Exact chemical composition of the material, analysed 
for elements carbon, chromium and molybdenum was found to 
be: 


Element 

C 

Cr 

Mo 

wt pet. 

0.09 

CM 

4 

C\J 

1.1 


Above material in the form of 1 mm thick strips cut 
from a boiler tube by milling operation, was received from 
Metallurgy Division Reactor.- Research Centre, Kalpakkam. 

2. 2 Gases 

Eor carrying out the oxidation in air, laboratory 
air was used. No purification or drying was carried out. 
For oxidation in oxygen environment, commercial grade 
oxygen cylinder was used. The gas was purified to remove 
the impurities like moisture and carbon dioxide, by passing 
it over sulphuric acid and soda a'sbestoes. The oxidation 
in oxygen-water vapour mixture was carried out by bubbling 
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the purified gas, as explained above over distilled water 
maintained at a constant temperature of 32°C. This gave 
oxygen gas saturated with about 5 pet. water vapours. 

2.3 Specimen Preparation 

Rectangular specimens of surface area ranging from 

2 

1-2 cm [exact details can be seen in Tables 1 to 4 in 
Appendix l] were used throughout the experiment. These were 
cut from a .5 mm thick foil obtained by cold rolling of the 
1 mm thick strips. The rectangular specimens were then 
mounted on a pyrex block using a double adhesive tape. One 
side of this specimen was polished upto 4/0-.' . emery ■ paper. 
After this, the other side was similarly polished upto 4/0 
emery finish. The bright shining specimens so obtained were 

then sealed in quarts capsule under a vacuum of the order 

— ^5 o 

of 10 torr. These were then annealed at 850 C for two 

hours. Before final using, it was again rubbed on 4/0 

emery paper in order to remove any oxide layer formed 

during annealing. The specimen was then washed with distilled 

water and acetone and finally dried. 

Some of the specimens were prepared, by first annealing 

the thin strips at 850°C for two hours followed by cutting 

and polishing. This was done in order to find the effect of 

cold work (discussed elsewhere) on oxidation rate. 
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2 . 4 Weight Gain Measurements ; 

For weight gain measurements a continuous recording 
semimicro balance (manufactured by Ainsworth and Sons Inc. , 
USA) was used. The set up is shown schematically in 
Fig. 2.1. It had an electronic indicating and recording 
device. With the help of an x-y recorder it gave a continuous 
record of the weight changes occuring in the sample as a 
function of time on a chart. The balance had a sensitivity 
of 0.1 mg, readibility by estimation, of 0.01 mg and 
reproducibility of + 0.03 mg. The span which is attached 
on the chart read 10 mg. Whenever the recorder pen approached 
a chart edge, a weight of exactly one full scale value was 
applied or removed to rescale the instrument. Enough weights 
for forty full span steps had been provided. The capacity 
of the balance was 100 gm. The zero stability of the 
instrument was fairly good. 

The sample under investigation was suspended from 
the hook under the left pan of the balance. A platinum 
wire was used for suspending the specimen. In order to keep 
the wire straight, it was surrounded by a quartz sheath, 
and care was taken that it did not touch the outer quartz 
tube as shown in Fig. 2.1. In order to hang the sample a 
small hole was drilled at the centre of the one edge of the 



Balance chamber 



Fig. £4 React io n ch a mber and w t . recording unit. 
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specimen. The length of the platinum wire was so chosen 
that the suspended sample was always in the predetermined 
uniform temperature zone. 

The furnace used during investigation, consisted of 
the winding of a 22 gauge nichrome wire upon 3.5 cm 
sillimanite refractory tube. The overall resistance of 
the winding was around 50 ohms. The temperature in the 
uniform zone of the furnace was controlled within + 2°C 
with the help of a temperature controller as shown in Fig. 2,1 
The reaction tube consisting of a quartz tube was connected 
to the balance through a brass flange with 0 -rings. 

A calibrated chromel-adumel thermocouple was used 
to record the temperature of the furnace. The junction of 
the thermocouple was kept as close as possible to the 
specimen in order to record its temperature as accurate as 
possible. 

The furnace was rested on a screw-jack which could 
be moved up or down very smoothly when desired. 

During the oxidation in oxygen environments, the 
system was thoroughly evacuated to a pressure approximately 
10 torr, with the help of a mechanical pump. After that 
the oxygen gas was introduced into the system. The gas 
from the cylinder was first passed through a solution of 
sulphuric acid in order to remove moisture, followed by a 
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long tube containing soda-asbesto es granuals (14-20 mesh). 
Latter was used in order to get rid of carbon dioxide which 
is usually present in commercial oxygen cylinders. The 
U-tube manometer shown in Fig. 2.2 (Schematic of gas-train) 
was used to observe the oxygen pressures. Since most of 
the runs were carried out at 1 atm pressure of oxygen, 
thus oxygen gas was passed into the system till the mercury 
in the two limbs of manometer showed equal level. Oxidation 
experiments were carried out at various oxygen pressures. 

In these experiments, the oxygen pressures were read from 
the difference in the levels of mercury in the two limbs of 
manometer. For carrying out experiment in oxygen-water 
vapour mixture, an additional bath (shown by Ho. 11 in 
Fig. 2.2) containing distilled water was added into the 
system. The gas after purification was bubbled into this 
bath which was maintained at constant temperature of 32°C. 
This gave the oxygen gas saturated with about 5 pet. water 
vapours. One oxidation run was carried out by bubbling 
oxygen gas through water maintained at 40° C. This gave 
a saturation of about 10 pet. water vapours. 

Purification step was not required during the 
oxidation runs in air atmosphere. 

To start the experiment, first step was to adjust 
the zero and check the sensitivity of the balance. This 
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was done according to the instructions provided in operating 
manual. It was found that the zero adjustment and 
senstivity were unaffected even after 30-40 oxidation runs. 
Next step was to suspend the specimen on the right pan of 
the balance, through a hook provided on the lower side of 
it. Weights slightly less than the total weight of wire, 
quartz sheath and specimen were kept on the right pan of 
the balance. This difference in the weight of the two pans 
of the balance was adjusted by the rider weights. After 
the gas was passed in the system as discussed above. When 
the furnace reached the desired temperature, it was raised 
to a level by adjusting the screw jack, so as to bring the 
specimen in the uniform temperature zone. Once this was 
over, the recorder was set on to record the continuous 
weight gain with time. 

2 . 5 Examination of Oxidation Products ; 

Oxidation runs were carried out both for very short 
as well as long durations. For electron microscope examina- 
tions, oxidation was carried for as short as 30 seconds 
duration. Most of the runs were carried out for ten hour 
duration. For metallography and x-ray diffraction the 
samples were oxidised for about twenty hour duration. Once 
the oxidation for a desired period was over, the furnace 
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was lowered and sample was allowed to cool to room tempera- 
ture. Weight of the specimen was checked on a separate 
micro "balance after its removal from the pan. The physical 
appearance, nature of oxide layer etc. were being noted at 
the same time. 

Reaction products were examined by Metallography, 

X-ray diffraction, SEM and EDAX. Optical microscopy revealed 
the, oxide layer thickness, number of oxide layers and 
edge effect. For this»sample after oxidation was mounted 
in an epoxy-resin in such a way that the cross-section of 
the specimen could be exposed. This was then polished up 
to velvet cloth where suspension of alumina particles were 
used as abrasives. Thus cross-section of the specimen was 
observed. 

Scanning electron microscope pictures were taken for 
air oxidised specimens. With the help of tbis»it was possible i 
differentiate the various oxide layers, which was not 
possible in optical microscopy. 

Concentration profiles for the constituent elements 
were determined throughout the oxide layer using EDAX. Only 
air oxidised samples were used for this purpose. 

To determine the composition of oxide layer. X-ray 
analyses were carried out. X-ray diffraction runs were 
carried out using copper target. The oxide layers were 
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stripped off either mechanically or by chemical dissolution 
technique. These layers were crushed to powder form and 
mounted in a specimen holder made of pyrex. X-ray diffraction 
runs of some known oxides were also taken. Thus by 
matching the peak intensities, the oxides were identified. 

A few specimens, which were oxidised for a very 
short duration, so that the oxide layer was thin enough to 
transmit the electrons, were studied using electron micro- 
scope. The oxide layer was stripped off using dissolution 
technique, and was seen in microscope. Both surface topo- 
graphy and electron diffraction pictures were taken. 
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CHAPTER 3 
THERMOGRAVIMETRY 

Thermo gravimetry is a technique whereby a sample is 
continuously weighed as it is heated at a constant rate. 

The resulting weight gain vs temperature curve can provide 
three basic areas of quantitative information, (1) change 
in composition, (2) range of thermal stability and (3) 
evaluation of kinetic parameters. Present work emphasises 
the utility of last one. 

The application of TGA to the determination of process 
kinetics is of extremely valuable, since from one dynamic 
temperature experiment one can often derive data which would 
require a much longer period of time under isothermal 
conditions. At any temperature (or time) on the TGA thermo- 
gram both sample weight and the rate of weight loss are 
available from the record, thus providing all the information 
required for kinetic calculations. In present work however, 
such approach is not employed. Isothermal runs were taken at 
various temperatures using a thermobalance in order to 
determine process kinetics. However, one such dynamic 
temperature experiment was carried out on powdered steel 
sample, on a derivato graph. Simaltaneous TGA and DTA plots 
obtained are' shown in Pig. 3.1. Heating rate was 10 per minute 




100 200 300 400 500 600 700 800 900 1000 

Temperature (°C) — ► 

Fig;3;1 Simultaneous TGA and DTA curves. 
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and experiment was carried out from room temperature to 
1000°C. Upper curve shown in fig. is for DTA and lower 
one for TGA. Since the reaction was carried out in air, 
thus only reaction possible was oxidation. It is clear 
from the TG curve that, there is no oxidation below 500° C 
and above this weight gain increases tromondously . Since, 
almost all weight change processes absorb or release 
energy and are thus measurable by DTA. The corresponding 
peak in DTA "urve, where weight gain occurs in TG curve, 
indicates the formation of an oxide. Pew small humps below 
500°C may be due to some tarnishing etc. on the surface of 
alloy. 

Isothermal runs were carried out in air, dry oxygen, 
oxygen-water vapour mixture from a temperature 500°G to 1000°C. 
Description of the samples employed in this investigation 
is given in tables 1 to 4 in Appendix -1. The sauries have 
been classified in four categories, based on the type of 
environment used. Those oxidised in air were designated by . 
numbers, 1,2,3- .. etc. , those oxidised in oxygen were 
designated by Roman numerals , I, II, III .... etc. and 
those oxidised in oxygen water vapour mixture were designated 
as , W 2 ... etc. Table 3A gives the details of specimens 
which were oxidised at various oxygen pressures and were 
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designated by P-^, ?2 ... etc. These tables summarize the 
basic information about specimens i.e. surface area, thickness, 
temperature of oxidation, duration, final weight gain in 
mg/mm and physical appearance of sample after oxidation. 

Thermo gravimetric data for the various samples have 
been given in tables 5 to 8 in Appendix 1. These data have 
been plotted in Tig. 3.2 to 3*4 as graphs of weight increase 
as a function of time. It is very difficult to gether 
information about oxidation laws from these linear plots. 

Thus in order to know the oxidation laws, one starts with a 
very general equation: 

(/AW) n = kt 

where /j.W is the weight gain with time t, n is known as the 
power index which tells about the particular rate law and k 
is the rate constant. If n=l, rate is linear, if n = 2, it 
is parabolic and so on. Above equation can be written after 
taking logs on both side in following manner: 

n In /.\W = In t +ln k 

Thus a linear plot of In AW vs lnt can -give a 
straight line, the slope of which will give the value n. 

Tigs. 3.5 to 3.7 show such plots for oxidation in air, oxygen 
and oxygen-water vapour mixture. The information obtained 
from these curves is summarized in tables 3.1 to 3.3. 
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Table 3.1 


Variation of m and k according to equation 
( k>¥) n = kt for air oxidation 


Tempera- 
ture of 
oxidation 
8 C 

Time interval 
for which 'n' 
holds 

Value of 
'n' 

Value of rate 
constant 


500 

0-100 min 

1.4 

-4 -2 

4.8x10 mg mm 



100 min 


. -1 
min 

log 

1 

600 

100 ' ' 

(log) 

1.0x10” 5 " 


700 

30 ’ ' 

1.7 

3.5xlO~® mg^ mm“^ 

■{ 




. -1 

Paraboli 




min 

I 

800 

30 ' ' 

1.6 

2.5xl0~ 7 11 

1 

4 





4' 

850 

o 

VO 

o 

1.17 


1 




— 

cubic 


60 ' ' 

2.7 


| 

900 

0-90 ' 1 

1.5 




90 ' ' 

3 


1 - 

i 

950 

Throughout 

1.3 

8.66x10”^ mg mm~^ 

I 


1000 


0-100 min 
100-300 ' ' 


1.3 

.5 


2.9x10 


-4 


. -1 
min 


1 I 


linear 
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Table 3.2 


Variation of n and k according to equation 


(. 

•;;r.W) n = kt 

for 

oxidation 

in oxygen 

Tempera- 

Time interval 

Value of 

Value of parabolic 

ture of 

for which 

'n' 

n 

rate constant 

oxidation 

holds 



2 -4--1 
mg mm min 

700 

0-180 min 


1.5 

9.96 x 10“ 8 


180 ' ' 


2.75 


800 

0-650 * ' 


1.78 

2.9xlO~ 7 


650 * ' 


3 


900 

0-350 * ' 


2.3 

8. Ixl0~ 7 


350 " 


7 


950 

0-20 


1.7 

2. 3x10” 5 


20-100 


2.35 


1000 

0-20 


1.7 



20-240 


2.4 

6. 5xlO" 5 


240-360 


0.5 



360 


2.0 
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Table 3.3 

Variation of n and k according to equation 
(.£i.W) n = kt for oxidation in. oxygen water 
vapour mixture 


Tempera- 
ture of 
oxidation 

Time interval 
for whi cb. ' n ' 

, holds 

Value 

•n* 

of Value of parabolic 

rate constant 

,2 -4 . -In 

(mg mm min ) 

650 

0-45 min 

1.1 

1. 3xlQ” 7 



5 


750 

0-700 ’ ' 

1.75 

3. 5x10“ 7 


700 ' ' 


850 

0-240 

1.9 

6.1xl0“ 7 


2.8 * ' 

2.8 


950 

0-40 ' 1 

1.5 



40 ’ • 


4.78 x 10“ 6 

1000 

0-70 " 

70-300 " 

1.95 

1.3 

17.0 x 10" 6 

300-360 

.5 



360 

2 



Double logarithmic plots may accordingly appear to 
be convenient method of evaluating 'n', which has values 
of 1,2,3 for linear, parabolic and cubic oxidation 
respectively. However, the scale in such plots becomes 
increasingly compressed with increasing value of (A.¥) 
and t. For this reason such plots tend to suggest linear 
relationship between In ( &W) and lnt , and changes in rate 
equations and mechanisms are not easily identified. For 
confirming the rate laws, proper rate equation must be 
recognised. Thus if the information obtained from double 
log plots, suggests that the rate is parabolic it must be 
confirmed by plotting ( & W) vs time plots. Fig. 3.8 and 
3.9 show such plots for oxidation in air and, oxygen and 
oxygen-water vapour mixture. These figures clearly show 
that rate follows parabolic behaviour up to the time 
indicated by double log plots, after that some other rate 
law takes over. Similarly Fig. 3.10 indicates ¥ vs lnt 
curve showing that oxidation law is logarithmic upto 
650°C in air and oxygen. 

3 * 1 Effect of Temperature and Time : 

3.1.1 Oxidation in air: In air the oxidation is very small 
at low temperatures. As indicated in table 3.1» initial 
oxidation upto 600°C is linear for about 100 min and becomes 

CLH l KmL UBftAftlT 



(Am) X 10 





0^+ H gO vapour 



40 80 120 160 200 

Time in min —*■ 

FIG.3‘9 A- Square of wt. gain vs. time plot of 950° c and I000° c 


Am ( mg / mm 
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logarithmic afterwards. At 700°C and 80u°C true parabolic 

2 

behaviour is shown which is further confirmed by the ( AW) 
vs t plot. A break at very small time can be explained 
by the fact that rates are not generally parabolic near 
zero time. At 850° and 900°C, rate is linear for an initial 
small period and then becomes cubic. Linear kinetics are 
observed above this temperature. 

3.1.2 Oxidation in dry oxygen 

Upto 600° C rate is found to follow logarithmic 
behaviour. Above this temperature there seems to be a 
combination of more than one rate law. At all temperatures 
above 600°C, oxidation starts initially p ar abo lie ally , then 
changes mechanism after certain time. This time is large 
at low temperatures and small at high temperatures. On 
comparison of rate constants as given in table 3.2, it is clear 
that the rate of oxidation is about ten times at 900°0 and 
hundred times at 1000°C, than the oxidation at 700°C. At 
1000° C , after an initial parabolic oxidation rate, a sudden 
increase in weight was observed and again the oxidation was 
found to follow parabolic behaviour i.e. break away type of 
oxidation observed. 
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3.1*3 O xidation in oxygen water vapour mixture 

Oxidation is parabolic at all temperatures in the 
beginning, but changes over to some other rate law after* 
some time. Rate of oxidation is faster at high tempera- 
tures. On observing the rate constants given in table 3.3# 
it can be seen that the rate of oxidation at 850°C is about 
four times faster than at 650°C and that at 1000°G, it is 
about 100 times faster than at 650°C. At 1000°C, a similar 
behaviour as found in case of dry oxygen was observed. 

3.2 Effect of Surface Finish : 

Since oxidation is essentially a surface phenomena, 
the surface finish of the specimen may affect the oxidation 
rate. Since large number of specimens were used in the 
tests, specimens polished upto 4/0 finish using emery 
paper were used throughout the experiments. In order to 
observe the effect of surface finish an oxidation rate in 
air, some of specimens were polished up to different surface 
finish. Details about the sample preparation is given in 
table 2 in the Appendix-1. Fig. 3.11 gives the plot of 
weight gain vs time for these samples. The results indicate 
that the oxidation rate is more for a rough surface than 
for a fine one. An electropolished surface had the lowest 




1— Rough polished on belt 

2— Polished up to I/O emery paper 

3— " " 4/o « n 
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rate which is quite obvious as it provides a stable 
(stress free) surface. The results are in agreement with 
that reported by various workers 2 ^ . 

5 . 3 E ffect of cold work on oxidation rate : 

While preparing samples for oxidation tests, by 
abrading, lot of cold work is introduced. In order to 
observe the effect of this, on oxidation rate, some of the 
cold rolled strips (discussed in chapter 2) were first 
annealed at 850° C and then the samples were cut and polished 
upto 4/0 emery finish and used for oxidation. These 
samples were termed as cold worked samples and their oxidation 
rate was compared with the annealed specimens. The oxida- 
tion was carried out for these two types of specimens in 
air at temperatures 650°C, 750°C, 850°C and 950°C. Results 
obtained are indicated in table 3.4. In this table, weight 
gain measured for cold-worked specimen is compared with that 
of an annealed one. It indicates that at 650° C where 

logarithmic law is followed for oxidation the wei^at gain 
an 

is more f or ,/un annealed one. Also there is no significant 
change for the weight gain for 750° C where oxidation follows 
parabolic behaviour. These results are in agreement with 
the reported results by Uhlig^. According to him factors 
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like heat treatment and cold working are not important 
when oxidation is controlled by diffusion of reactants from 
the environment and are most important, when reactions occur 
at metal surface. It is well known that parabolic law is 
diffusion controlled while in logarithmic behaviour reaction 
occurs at the surface. The decrease in weight gain for 
cubic law as indicated in table 3.4 for 850°C ca n not be 

5 

explained by above artgument*.-, But according to Kofstad 
a cubic law is combination of parabolic and logarithmic law, 
thus according to Uhlig's^^ argument, slight increase of 
rate at 850°C is justified. At 950°C a small change in 
weight gain of the annealed sample over the unannealed 
one, can not be explained, due to lack of our knowledge about 
the processes occuring during linear range. 

.3.4 Effect of oxygen pressure : 

Rates of oxidation of metals and alloys may exhibit 
varying oxygen pressure dependence according to the rate- 
determining mechanism. Present work demonstrates the oxygen 
pressure dependence of 2.5 Cr - 1 Mo steel carried out at 
800°C. Oxygen pressure as low as 240 mm Hg was tried. 

Details are given in table 3A in Appendix-1. The weight 
gain vs time plots are shown in Hg. 3.12, which shows 
clearly that as the pressure decreases the oxidatien rate 



1.78 » 2 



different oxygen pressure. 
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decreases. For parabolic oxidation, according to wagner, 
the oxygen pressure dependence can be expressed as 

u 2 

for p-conducting scales, where n is determined by the 

charge on the migrating defects, while growth of n-conducting 

scales is independent of pressure. Thus a plot of In ,1.W 

vs In p n , shown on the left corner of the same graph, 
u 2 

gives a value of n 2 which means that the scale may be 
p-conducting and the migrating species having a charge of 
2. Thus the possibility of a p-conducting scale cannot be 
ruled out at this temperature. 

3 . 5 Reproducibility of thermogravimetric results ; 

Almost all the runs were carried out in duplicates. 

It was observed that each run was fairly reproducible in 
the initial fcages. The two curves used to overlap in the 
beginning, but as considerable time elapsed, some separation 
was observed. There was about 5 to 10 pet. deviation in 
final weight gain in few samples. This is illustrated by 
an oxidation run at 1000° C in oxygen. Weight gain curves for 
both the samples are shown in Fig. 3.14 by la an- lb,. In the 
initial stages, both the curves are overlapping but the 
gap between the two widens as the oxidation proceeds for 
longer times. But in both cases, the sudden weight gain i.e. 
breakaway point is same that is at 352 seconds. This 
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oxygen-water vapour vapour mixture is parabolic initially 
and changes to some other law later on. 

Oxidation in oxygen-water vapour mixture is 
more at all temperatures than the oxidation in dry oxygen. 

A comparison in weight gain observed in lOh duration in 
these environments indicates that this weight gain is about 
three times higher at 750° C, 1.7 and 1.2 times higher at 
850°C and 950°C respectively. 

Influence of moisture content on oxidation rate was 
also carried out. While' all the runs in oxygen water vapour 
mixture were carried out by saturating oxygen gas with 5 pet. 
water vapours, one run was carried out by saturating it 
with 10 pet. water vapours. The plot of this run is shown 
by curve II with dotted marks in Fig. 3*3. One can see the 
tremendous increase in oxidation rate. 

The results at 1000° C are quite interesting. The 
oxidation rate in air is much more than either in dry oxygen 
or oxygen-water vapour mixture. From tables 3.1 to 3.3 one 
can observe that while in both dry oxygen and oxygen-water 
vapour mixture initially the oxidation occurs parabolically 
but in air it starts linearly for about hundred minutes or 
more. After this initial period in all the three cases, a 
rise in weight gain appears, this region is sJ .own by 
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a ' n' value of .5 in all the three environments. While this 

region is quite long in air, smaller in oxygen-water vapour 

mixture and least .in dry oxygen. The oxidation in last two 

cases i.e. in dry oxygen and oxygen water vapour mixture 

he termed as breakaway type of oxidation as this sudden 

increase is observed after an initial protective layer 

formation, while in air it is termed as catastrophic oxi- 

7 

dation. According to lesilie and Fontana such type of 
behaviour is expected at high temperatures for most of the 
alloys which contain Mo, even in very small quantities. 

Q 

Reported results for iron-chromium alloys indicate 
that the oxidation in air is lower than that in pure 
oxygen. Present work, however shows that the oxidation in 
air of 2.5 Cr - 1 Mo steel is more in air than in oxygen. 
This may be due to the fact that the experiment was carried 
out in laboratory air without removing impurities and 
moisture. 

High oxidation rate in moist oxygen over that in 
dry oxygen are in agreement with the reported results of 
some workers^ -11 for iron and iron-chromium alloys while 
others 12 * 1 " 5 , indicate either no change or reduction in 
rate. Rahmel 14 reported that for pure iron at 750°C, the 
oxidation rate is not influenced by the presence of water 
vapours, but the scaling rate increases 1—2 times at 850 C 
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and 1*6 times at 950°C in the presence of moisture. 

3 • 7 Activation Energies : 

The Ar rhenium plot for both the results in oxygen 
and oxygen-water vapour mixture is shown in Tig. 3.15. 
Activation energy for air in parabolic range was calculated 
using temperature dependence of Arrheniuus equation: 

R T-. Tp In K 1 /K 0 

= “rn~ m ~ 

l l~ l 2 

where K-^ and Kg are the values of parabolic rate constants 
at temperatures T-^ and Tg. Values of K-^ and Kg are given 
in table 3.1 at 1023°K and 1073°K. The activation energy so 
calculated was 35.5 Kcal/mole (148.7 KJ/mole). The activation 
energies for oxidation in oxygen and oxygen-water vapour 
mixture determined from the plots shown in fig. 3.15 are 
24.0 Kcal/mole (100.5 KJ/mole) and 15.4 Kcal/mole 
(64.5 KJ/mole) respectively. These activation energies can 
be applied in temperature range 700-900°C in oxygen and 
650-850°C in oxygen water vapour mixtures as the points for 
rate constants above this temperature are highly scattered 
as shown in the Eig. 3.15. The value of activation energy 
calculated in the temperature range 900-1<' I 00°C comes to be 
same in both environments i.e. 80.0 Kcal/mole (335 KJ/mole). 




cir. Tamner fitri r a rfenendence of rote constant 
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Since the activation energies are different in the 
three environments, the mechanism of oxidation is expected 
to be different in these cases. Activation energies above 
900° C in both oxygen and oxygen-water vapour mixture is 
same, thus the mechanism of oxidation at these temperatures 
may be the same. Further discussion in this respect is 
restricted in this chapter, as the results of oxidation 
products are yet to be explained.' 

The activation energy calculated in the linear 

range of the oxidation in air is found to be 99 Kcal/mole 

(414.6 KJ/mole). It is difficult to account for this high 

value due to the lack of our knowledge about the processes 

occuring during reaction. However, this high value may be 

associated with the phase boundary reaction as controlling 

15 

step after rupture of initial oxide scale. The rupture 
of scale occurs after certain stress is built. 

The activation energies associated with other rate 
laws in this investigation corresponding to other values of 
n, given in tables 3.1 to 3-3 cannot be easily related to 
the processes occuring during the reaction, because mechanisms 
for such processes are not well understood. 

The values of activation energies of oxidation for 
this particular alloy are not available in literature, hence 
a comparison could not be made. 
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CHAPTER 4 

EXAMINATION OE OXIDATION PRODUCTS 

4.1 Physical Features ; 

last coloumn of the tables 1 to 4 in Appendix 1 
lists the physical features of the oxide films observed on 
the various steel samples. 

The oxide film formed in the initial stages was 
bright violet in colour. A sample which was just dropped 
in the reaction tube maintained at 800° C, for few seconds 
and removed appeared bright violet in colour. A comparison 
of this colour to the colours of the various oxides listed 
in Appendix 2 suggests the possibility of C^O^ layer. In' 
air ,the oxide film formed at 600°C for 20h duration appeared 
light grey in colour. Air-oxide -oxide film formed in oxygen 
water vapour mixture at 650° C for 20h duration appears black 
in colour, suggesting the possibility of FeO or Fe^O^. Air 
oxide film formed at 1000° C appeared to be bluish-black in 
colour, while that formed in oxygen and oxygen-water vapour 
mixture appeared brownsish-black in colour. 

The scale appeared to be loose and blistered at 
low temperatures. Adherence was very poor at these tempera- 
tures. It used to fall off during the unloading of specimen. 



On the other hand scale formed at high temperature was 
quite thick and had better adherence to the alloy. Oxide 
films formed for short durations at low temperature 
appeared quite 'uniform, smooth and highly adhering to the 
surface. Oxide films from such samples were removed by 
the dissolution technique. A 5 pet. solution in 

methanol was used for this purpose. It does not affect the 
oxide scale, but can dissolve the matrix. Pig. 4.1 shows 
three samples, finally polished specimen ready for oxidation 
studies is shown on extreme left, oxidised specimen with 
oxide layer intact on its surface, in the middle, and on 
extreme right is shown a sample who se oxide layer had been 
stripped off using dissolution technique. 
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4 . 2 Optical Microscopy 

Figs. 4-2. to 4.20 show tthe micrographs for the 
cross-section of various samples taken on an optical 
microscope. Magnification for each micrograph is given on 
the right corner, of the fig. 

Fig. 4.2- to 4.4 compares the scale thickness formed 
in air at temperatures 750° C, 850° 0 and 950° C for 18h 
exposure. Thus the results are in agreement with the thermo- 
gravimetric results, that the oxidation increases with increase 
in the temperature of oxidation. Fig. 4.8 to 4.10 and 
4.13 to 4.16 in a similar fashion compare the oxide scale 
in oxygen and oxygen water vapours respectively. Oxide 
scale at 850° C shown in fig. 4.13 is thicker than the oxide 
scale at 950°C shown in fig. 4.14. This is because former 
was oxidised in oxygen 10 pet. water vapoursand latter in 
5 pet. water vapours. The results are in agreement with 
those obtained during thermo gravimetric investigations. 

Fig. 4.5, 4.6, 4.11, 4.12, 4.16 and 4.17 show the 
edge effect. Micrograph shown in fig. 4.7 depicts the 
catastrophic oxidation at 950°C. This again confirms the 
results by thermo gravimetric investigations that rate of 
oxidation is very fast at this temperature and occurs 
lin early . 



76 


Micrographs shown in figs. 4.12A, 4.18 to 4.19 
show the oxide scale at higher magnification. Although 
much information cannot be gathered from these micrographs 
except the oxide layer thickness and number of oxide layers 
formed. Fig. 4.4 indicates that oxide scale formed in air 
at 950° C consists of three layers and that 850° C consists 
of two layers. In oxygen environment as shown by fig. 4.8 
to 4.10 the scale appears to be single layered only while 
in oxygen-water vapour mixture it appears to be of two 

; i 

layers. ■ , 

/ 

t . 



X 66 ’ X 66 

Fig. 4.2 Cross-section at Fig. 4.3 Cross-section at 
750° C 850° C 
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X66 


166 


Fig. 4.6 Edge effect at 
950°C 


Fig. 4.7 Kecking portion at 
950°C 











X266 
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4.3 Scanning Electron Microscopy : 

Air oxidised scales were studied using SEM. 

Fig* 4.21 shows a micrograph for the cross section of a 
sample at 950°C. Corresponding optical micrograph was 
shown in fig. 4.4, which revealed that oxide scale consists 
of three layers. But the SEM micrograph clearly indicates 
that the scale consists of a single layer and the black 
lines seen in the scale are cracks. These cracks are 
further shown more clearly at a higher magnification in 
fig. 4.22. 


Catastrophic oxidation at 950°C is very clearly 
shown in fig. 4.23. In this figure the necking portion is 
focussed. Fig. 4.24 shows this necking portion at much 
higher magnification. This photomicrograph reveals how porous 
the oxide layerZand how loosely it is attached to the 
matrix. 


Fig. 4.25 reveals the SEM photograph of the oxide 
scale at 850°C. It confirms the information revealed by 
optical micrograph that the scale at this temperature 
consists of two layers. 
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4. 4 EDAX (Energy Dispersive X-ray Analysis : 

Concentration profiles for the constituents of the 
alloy were taken throughout the scale thickness on air 
oxidised samples. These are shown in fig. 4.26-4.28 for the 
oxide scale at 950° C, 850° C and 750° C. Intensity vs energy 
plots have been shown at various spots throughout the scale 
thickness. The E values where the peaks for Ee(Ea) , 

Mo (La) and Cr(Ka) appears are 6.40, 2.29 and 5*41 KeV 
respectively. In fig. 4.26, plot a reveals the concentra- 
tions of Cr, Mo and Ee on the unattacked matrix. Plot b was 
taken very near to the matrix and plots c and d were taken 
160 \i and 300p away from the matrix. Thus it appears that.- the 

S 

concentration of the various constituents are not same 
throughout the scale, though a single uniform Scale is shown by 
SEM micrograph. This result reveals that chromium is 
concentrated near to matrix* As oxide thickness increases it 
is mainly the iron in the scalfe. In other words we can say 
that chromium diffuses to the matrix and Ee towards the 
oxide scale. Thus more and more iron is avail a hle for 
oxidation. 

At 850°C, SEM micrograph showstwo distinct layers. 

EDAX analysis shows that the inner layer (fig. 4.27b) is 
rich in both chromium and iron and hence this layer may be 
due to some mixed oxide of iron and chromium. In outer 



c 


d 


FIG.4.UEDAX analysis of oxide layer at 950° c . 











FIG.4-2.7EDAX analysis of oxide layer at 850° c 
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layer Cr is present just on the boundary of two layers. 

While it is mostly iron afterwords. Thus the second layer 
must be an oxide of iron only. 

At 750°C, oxide scale was found to be only 25 ja 
thick as compared to 300p, thick at 850°C. Oxide scale at 
950°C was thicker than at 850°C but could not be measured 
accurately, as it spalled off during mounting and polishing. 
EDAX results are shown for oxide scale at 750°C in fig. 4.28. 
This indicate* that the scale is rich in iron mainly, but 
small concentration of chromium are present near to the 
matrix. 

4 • 5 X-ray Diffraction Analysis : 

X-ray diffraction runs were taken for number of 
samples. Table 4.1 gives the detail for various samples 
analysed. Coloumn 'one gives the sample details, coloumn two 
gives the 2© values for various peaks observed during the 
diffraction run. Corresponding * d * values have been listed 
in third coloumn and the pet. intensity ratio in 4th coloumn. 
These * d ’ values have been compared with those listed in the 
X-ray diffraction data files and hence the corresponding 
compound was identified. Appendix 2 lists the *d' values 
for some of the important compounds useful^, for this analysis. 
Coloumn five in this table names the most appropriate compound 
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identified. It is necessary to add here, that the oxide 
layers formed are not the compound of a single constituent. 

It can be either a mechanical mixture of two or more 
compound, a mixed oxide, a solid solution, or an impure 
oxide i, e. an oxide whoose lattice positions have been 
occupied by other elements. Since the X-ray Diffraction 
data file lists the ' d* values for only pure compounds, 
hence an exact peak to peak match was not possible. The 
results that have been suggested in the fifth coloumn of the 
table have been obtained by matching the important peaks 
of the compound identified. Further on arriving at these 

results, the information obtained already from optical and 

* 

SEM was utilised. 

At 750° C air oxide film is made of a-Fe^^ only. This 
are in agreement with EDAX results where it was shown that 
scale mainly consists of iron only. Since small concen- 
tration of chromium were detected in the scale hence the 
oxide Fe 2 0^ is not pure one, but an impure one i.e. some 
Cr may have replac edFe in the Fe 2 0^ lattice. That is the r , reason 
why there is slight shift in the main peaks for a-Fe 2 0^. 

At 850°C, x-ray result indicate the presence of 
(Fe,Cr) 2 0^ and -Fe^^ in the scale. This is again in 
agreement with EDAX and SEM results. Thus the inner layer 
may be of (Fe,Cr) 2 0^ and outer layer of -Fe 2 0^. 
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Table 4. 

1 




Sample 

Detail 

20 

Corres- 
ponding 
'd 1 ralue 

Intensity 

Compound(s) 

Identified 

No. 69 

28.4 

3.1399 


a-T^O^ 


29.2 

3.0557 

40 


Temp. 

30.5 

2.9283 



750° C 

32.8 

2.7281 

100 



35.2 

2.5474 

60 



44.4 

2.0385 

20 



53.8 

1.7025 

70 



62.2 

1.4912 

30 



63.4 

1.4659 

30 


No. 12 

22.8 

3.8969 



Temp. 

24.0 

3.7047 

30 

(Fe^r^O^ and 

800 °C 

30.2 

2.9568 

30 

-Fe 2 0 5 


32.2 

2.7775 

20 



33.2 

2.6961 

50 



35.6 

2.5196 

100 



43.0 

2.1016 

30 



49.5 

1.8398 

40 



54.2 

1.6909 

55 



62.3 

1.4890 

60 



64.0 

1.4535 




73.0 

1.2949 
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Sample 

Detail 

2& 

Corres- 
ponding 
' d ' value 

Intensity 

Compound (s) 
identified 

No. 26 

24.5 

3.6302 


(FejOr^O^ and 

Temp. 

30.2 

2.9568 


-I^O^ 

850°C 

32.4 

2.7608 

30 



33.6 

2.6649 

80 



36.1 

2.4859 

100 



49.0 

1.8574 




50.0 

1.8226 




54.5 

1.6822 

50 



56.4 

1.6300 




62.9 

1.4763 

55 



64.5 

1.4434 

80 



66.0 

1.4143 




70.2 

1.3395 




72.4 

1.3042 



No. 58 

27.9 

3.2018 


oc-FegO^ 

Temp. 

33.2 

2.7120 

80 


950°C 

35.6 

2.5190 

95 



40.8 

2.2077 

30 



54.0 

1.6966 

50 



• 

CNJ 

VO 

1.4869 

65 



63.8 

1.4568 

100 
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Sample 

20 - 

Corres- 

Intensity 

Oorrespond(s) 

Detail 


ponding 
’ d * value 


Identified 

No. XXVI 

30.1 

2.9664 



Temp. 

33.4 

2.6804 

40 


600° C 

36.0 

2.4926 




40.3 

2.2360 

80 



45.0 

2.0127 

100 



54.0 

1.6966 

30 



65.2 

1.4912 

35 


O 

« 

CD 

CD 

24.8 

3.5870 



Temp. 

30.4 

2.9377 



800°C 

32.8 

2.7281 




33.8 

2.6496 

100 



36.2 

2.4793 

95 



41,4 

2.1791 

40 



50.0 

1.8226 

50 



54.6 

1.6794 

60 



62.0 

1.4955 

40 



63.5 

1.4638 

30 



71.7 

1. 3152 
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Sample 

Detail 

20 

Corres- 
ponding 
' d ' value 

Intensi ty 

Compound (s) 
Identified 

No. IV 

25.5 

3.4901 


Pe20^, C^O^ 

Temp. 

26.5 

3.3606 



900°C 

29.0 

3.0763 




31.0 

' 2.8823 




32.4 

2.7608 

30 



33.4 

2.6804 

100 



35.9 

2.4993 

85 



41.2 

2.1892 




49.9 

1.8260 

70 



54.4 

1.6851 

70 



62.8 

1.4784 

40 



64.4 

1.4455 

60 


No. XXII 

30.4 

2.9377 



Temp. 

32.2 

2.7775 



1000° C 

35.7 

2.5129 

80 



56.2 

1.6353 




57.4 

1.6040 

40 



62.8 

1.4784 

100 
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Sample 

detail 

2& 

Corres- 
ponding 
' d ' value 

intensity 

Compound (s) 

Identified 

No. ¥5 

24.0 

3.7047 



Temp. 

30.0 

2.9760 

30 

•^ e 3^4 

6 50° C 

31.9 

2.8029 




33.1 

2.7040 

70 



33.4 

2.5334 

100 



49.4 

1.8433 




54.0 

1.6966 




57.0 

1.6142 

40 



62 . 4 

1.4869 

65 



64.0 

1.4535 

30 


No. ¥1 

24.6 

3.6157 



Temp. 

33.4 

2.6804 

70 

PeCr 2 04 

750°C 

35.8 

2.5060 

80 



50.0 

1.8226 




54.6 

1.6794 

50 



58.4 

1.5789 




58.8 

1.5691 




59.8 

1.5452 




63.0 

1.4742 

100 
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Sample 

Detail 

20 - 

Corres- 
ponding 
’d 1 value 

Intensity 

Compound (s) 
Identified 

CO 

> 

* 

o 

Ssi 

25.0 

3.5587 


PeCr 2 0^ 

Temp. 

26.2 

3.3784 



850°G 

30.4 

2.9377 




33.4 

2.6804 

95 



35.8 

2.5060 

100 



46.2 

1.9632 




48.8 

1.8645 




49.8 

1.8294 




54.5 

1.6822 

50 



57.7 

1.5963 




62.7 

1.4805 

80 



64.4 

1.4455 

60 


Wo. W7 

24.6 

3.6157 



T emp . 

30.4 

2.9377 


Fe 2°3 

900°C 

32.4 

2.7608 

30 



33.5 

2.6727 

100 



35.9 

2.4993 

80 



50.0 

1.6794 




54.6 

1.8226 

70 



63.0 

1.4742 

60 



64 . 6 

1.4414 

50 



72.5 

1.3026 
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At 950°C again the results are in agreement with 
that predicted by SEM and EDAX results. Shifting in the 
peaks and missing of some peaks of Fe 2 0^ may be due to 
the presence of Cr in the lattice of Fe o 0.*. 

Oxide layer formed at 600°C in dry oxygen did not 
match with any oxide or mixed oxide of Fe, Gr or Mo. But 
it slightly matched with an intermetallic compounds of 
three element the sigma CrPeMo, Whoose ’d* values are 
given in appendix 2. Possibility of no oxide formation 
confirms the thermogravimetric investigations that oxygen 
uptake was very small .at this temperature. 

Formation of at 800° C confirms the thermo- 

gravimetric results carried out in various oxygen pressures. 

1 

A PJ dependence on oxygen pressure indicated the possibility 
u 2 

of a p-conducting scale. Since Cr 2 0^ is p-conducting, thus 
results are in agreement. A slight shift in the values of 
some peaks may be due to the presence of impurities or 
other oxides. 

Oxide layer at 1000°C in oxygen could not be 
identified clearly, but it appears to be Fe^, 

Formation of Fe^ at 650°C in oxygen water-vapour 
mixture confirms the results obtained while colour examination. 
A black layer formed could be of Fe^O^. 
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Formation of FeC^O^ at intermediate temperatures 
seems to be in agreement with the results reported by many 
workers. FeC^O^ is nothing but [FeC.C^O^], formation of 
FeO in oxide scales in presence of moisture is reported 
by above workers. 

At high temperatures formation of Fe20^ as indicated 
by x-ray results seems to be justified as at high temperatures, 
since the activation energies are same for both oxygen and 
oxygen-water vapour mixture, thus mechanism of oxidation 
should be same. 

However much more rigrous analysis is needed to 
confirm the above mentioned results. 

4 . 6 E lectron Microscopy : 

Very few samples which were oxidised for very short 
duration were observed in electromicroscope. Fig. 4.29 shows 
the surface topography of an air oxidised sample at 500° C for 
lOh duration. Corresponding electron diffraction pattern is 
shown in fig. 4.50. Fig. 4.31 shows the topography of an 
oxide formed in air at 800°C for 15 minute duration. It appeared 
to be needle like shapes as shown in fig. 4.32. Corresponding 
electron diffraction pattern is shown in the fig. 4*33* 
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Fig. 4.29 TEM 
500° C 


X | £060 
TJ/\£ at 


ELg. 4. 30 Electron diffraction 

pattern of oxide layer 
at 500°C. 


a 13,000 

Pig. 4.31 XJrAf PUCTWRB. at Pig. 4. 32 Electron diffraction 


800°G 


pattern at 800 C. 


XBfc.000 

Fig. 4.33 Oxide structure at 800°C revealing 
needle type shape of oxide growth 
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CHAPTER 5 

GENERAL DISCUSSION AND CONCLUSION 

So far the results of thermo gra'-'imetric experiments 
and the examination of the oxidation products have been 
presented. In this chapter an attempt is made to relate 
these observations to some suitable mechanism. 

It is discussed earlier that the low temperature 
oxidation follows logarithmic kinetics. There are several 
mechanisms proposed to explain such behaviour. The best 
suited to our results is that proposed by Uhlig 1 which is 

applicable to thin films of thickness less than 10,000 A°. 

2 

Mott-Hauffe and Ilschner proposed a theory which could be 
applicable to thin films less than 50 A°. Since the film thick- 
ness on the samples in logarithmic range was in the range of 
2500 A° to 7000 A° , thus Uhlig 1 s theory is most suitable to 
explain the mechanism-. According to this theory electron 
transfer at the metal oxide interface determines the oxide 
growth. 

The parabolic oxidation is observed in intermediate 
temperature range in air, and in initial stages at all tempera- 
tures in oxygen and oxygen water vapour mixture. Since the 
activation energies for parabolic oxidation ^3>e different in all 
three environments, thus the mechanism of the oxidation is 
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expected to be different in all the three cases. This has 
been confirmed by x-ray results which indicate different 
compositions of oxide scales in three environments. In air 
oxidation, ^ e 2^3 is formed which is an n-type semicondutor 
hence the mechanism of oxidation is due to the oxygen 
diffusion to the metal scale interface via vacant anion 
sites. In case of oxygen oxidation, the scale consists of 
which^a p-type semiconductor hence the mechanism 
of oxidation is due to the diffusion of either cation 
vacancies or of interstitial oxygen ions from the surface 
to the interface. If the vacancies migrate towards the 
interior they must accumulate near the metal-oxide inter- 
face and eventually precipitate in the form of blisters or 
holes. Such blisters were observed on the scales formed 
on samples oxidised in oxygen. 

High oxidation rate of the alloy in air can be 

3 

explained as follows. According to .aibaschewski when an 

n-type oxide is formed, presence of nitrogen would increase 

the number of vacant oxygen sites and increase the oxidation 

rate. Since in air oxidation JPe^ is formed which is 

n-type, thus increase in oxidation rate in air is justified. 

Arkharov and Luchkin 4 interpreted high oxidation rate of Ti 

in air (at 1100°C) as compared with that in pure oxygen, 
due to the formation of Ti0 2 which is n-type. 

both at 1 atm. pressure/ Chromium oxide on the other hand 
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is a p— type semiconductor, and in air therefore the rate 
of scale formation is reduced as compared with oxygen^. 

Linear oxidation rate at high temperature as 
observed in air, can be explained by Cabrera-Mott 6 theory, 
according to which of an n-type oxide is formed, then this 
linear rate may be due to the ion transfer in the electric 
field. Catastrophic oxidation observed at this temperature 
in air may be explained by the increasing rate of oxidation 
as time elapses. This increasing rate of oxidation is 
due to some phase -boundary -reaction as explained by Eofstad^, 
after the rupture of the scale. Such rupture of the scale 
was shown by some of the SEM micrograph. 

Break away oxidation observed in the case of oxygen 
and oxygen water vapour mixture can be explained by the 
theory of non-uniform scale. Formation of non-uniform scale, 
that is porous or cracked scale , is to some extent 

s- 

connected with Billing-Bedworthule^*, This rule is very 

important for scales in which diffusion of matter is from 

the surface towards the metal scale interface, for instance for 
oxides , 

/_ of the n-type in which oxygen diffuses via cation anion 
sites. Here since FegO^ is formed at these temperatures, 
thus the following oxidation mechanism seems to be the most 
suitable. Oxygen ions diffuse from the surface to the metal 
oxide interface, where they form new oxide which owing to 
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its high volume ratio •. expands against the resistance the 
existing oxide layer, and severe biaxial stresses develop 
which eventually lead to rupturing of film. Simultaneously 
oxygen dissolves in the metal. Thus an initial parabolic 
growth turns into a linear one. Such type of observations 
have already been confirmed by many workers 9,10 on niobium 
tantalum alloys. 

High oxidation rate in oxygen water vapour mixture 

is not well understood. Only theory presently available is 
11 

from Rahmel on oxidation on pure iron. According to this 
theory, in presence of water vapours a H 2 /H 2 0 mixture is 
formed in the pores which transports by an oxidation 
reduction mechanism, oxygen to iron surface. Therefore oxide 
bridges are built up from the metal to scale which enables 
the further oxidation of metal without substantial inhibition. 

Conclusion 

1. Oxidation in air was found to be logarithmic at low 

temperatures, parabolic and cubic in intermediate tempera- 
tures and linear at high temperatures. The oxidation 
at high temperature was described as the catastrophic 
oxidation. The activation energy for the parabolic 
oxidation in air was determined to be 35. 5 -Kcal/mole. 
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2. Oxidation in dry oxygen was found to be logarithmic at 
600° C .for a very short time, after which the rate fell 
to almost zero. Oxidation above this temperature was 
parabolic in beginning and switched over to some other 
law after some time. This initial parabolic range was 
longer at low temperatures and decreased .as- the 
temperature of oxidation increased. Breakaway oxidation 
was observed at 1000°C. Parabolic oxidation in oxygen 
could be described by following equation 

K p = 0.023 exp (-24,000/RT) 
in temperature range 700° -900° C. 

3. Oxidation kinetics' in oxygen water vapour mixture 
were observed to be similar to that in dry oxygen. The 
oxidation in parabolic range could be described by 
equation 

K p = 6.5 x 10" 4 exp (- 15,400/RT) 
in temperature range 650°C-850°C. 

in 

4. Oxidation in air was found to be more than/dry oxygen 
at all the temperatures, but lower than that in oxygen 
water vapour mixture below 850° C. 

5. Oxidation in oxygen-water vapour mixture was found to 

be more than that in dry oxygen at all the temperatures. 
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CHAPTER 6 

NEED 0E FUTURE WORE 

Present work is a preliminary attempt towards the 
understanding of oxidation kinetics of 2.5 Cr - 1 Mo steel 
in air, oxygen and oxygen-water vapour mixture. However a 
large number of querries are still unsolved. Hence a good 
amount of work is needed to understand various concepts 
more clearly. Some of these are worth mentioning. 

1. Mechanism of oxidation in logarithmic range is proposed 
to be due to ion-transfer in electric field. A systematic 
study in thin film range is needed, in order to understand 
these processes more clearly. 

2. Oxidation in parabolic range has been attributed to the 

diffusion of vacancies, or interstitials through the 

oxide scale. In tne case of complex scales, formed on the 

to 

surface, such mechanism is unable explain/the behaviour 
clearly. Thus an attempt is necessary to develop mechanism 
where the process of diffusion through complex scales can 
be explained more clearly. 

3. Break-away oxidation occurs when a critical thipkness 
reaches, beyond which the cracking or rupture of protective 
scale appears and this leads to linear oxidation rp.te. In 
present work such breakaway point has been found at 1000 C 



after an oxidation time of 352 sec. This corresponds to an 
oxide thickness of 10 p and 25 p in oxygen and oxygen water 
vapour mixture respectively. Thus experiments should be 
performed at temperature lower and higher than 1000°C to find 
out whether breakaway appears when this critical oxide thickness 
reaches at these temperatures. 

5. The mechanism of the oxide growth needs to be studied 
in great detail. For this one has to work in thin f ilm 
region, where the use of electron microscope, LBED or 
latest instruments for surface analysis like ESCA, Auger 
Electron spectroscopy can be of great help. 

6. The identification of oxide layers using x-ray diffraction 
method needs further work. A simplified technique is needed 
to identify often complex scales formed on alloys.- Electron 
probe microanalysis would be of great help. 

7. Since.': linear oxidation is pressure dependent, thu 
experiments are needed to be carried out in this range at 
various air pressures to find out pressure dependence on 
linear oxidation rate. 





TABLE - I 


Sample 

No. 

Temperature 

Surface 

finish 

Duration 
(min . ) 

Surface - r . , . 

ness ( -'S/™ 

2 Physical 

• 1. appearance 





rnmvimi r 

• 


35 

500 0 C 

4/0 

540 

210 

.00190 

Very thin violet 
colour oxide 





.35 


layer, highly 
uniform and 







adherent-T 

47 

600° C 

4/0 

600 

120 .. 

.00458 

Dark Grey coloured, 
thin and very 
loose, layer and 




• 

.52 


Brittle oxide 
layer. 

31 

650°C 

4/0 

6 50 

143 

.00489 

Dark Grey coloured, 





.40 


thin, very loose hub 
non-brittle oxide 
layer. 

42 

700° C 

4/0 

360 

160 

.00406 

-do- " 





.35 



43 

750° C 

4/0 

450 

161 

.00590 

light Grey, 
unif orm,ad bereft t 5 





.35 


oxide layer. 

33 

850° 0 

4/0 

600 

189 

.0124 

— d 0— 





.35 



34. 

900 0 C 

4/0 

480 

195 

.0164 

-do- 





• 35 



38 

95G°C 

4/0 

360 

196 

.126 

Very light grey, 
uniform thick, 





.35 


oxide layer. 

40 

1000°C 

4/0 

48O 

184 

£ 

CD 

Dark blue-black 
thick oxide layer 


.35 with grey spots on 

surface. 


TABLE - II 


Temperature 

Surface 

finish 

Duration 

(min) 

Surface Area/,, . , , _ . 
thickness Wei f ht Cal » 

nmr/im ,r ‘ -> 

Physical appearance 





xn 9 j nr.n 


800° C 

Rough 

510 

169 

.0183 

Light Grey, uniform 


Poli shed 
(on belt) 


.27 


oxide layer. 

800° C 

1/0 

600 

1 20 

.00864 

Light Grey, uniform 




.50 


ad h erdrrt °xid e 
layer. 

800° C 

i/o 

390 . 

168 

.00922 

-do- 




.52 



800° C 

Aluming 

6 00 

180 

.012 

Very thin, Grey 


Poli shed 


• 52 


Colou r ed , n on-??3 her - 
ed oxide layer. 

800° C 

-do- 

540 

154 

.009 n 2 

-do- 




• 52 



800° C 

4/0 

600 

160 . 

.0103 

Grey coloured. 



• 35 


unif orm , ad hereut 
oxide layer. 


800° C 

Electro- 

540 

120 

.0079 

Grey coloured, 


Polished 

•52 


non -uniformly . 
adherent oxide. 



i 


Ill 


Table No. 3 


Sample 

No. 

Tempera- 
ture °C 

Dura' 

tion 

min. 

- Surface 
Area/ 
Thickness 

mm^ /mm 

Weight 

gain 

( Am) 

mg/mm 

Physical appearance 

XXVI 

600 

360 

170/0.37 

2.35x10" 

,3 

Surface got 
tarnished by a 
very thin, uniform 
layer, giving violet 
brownish colour. 

XXV 

700 

720 

170/0.37 

8.53x10" 

.3 

Very thin, highly 
brittle, light grey 
coloured oxide 
layer 

XVI 

800 

990 

180/0.35 

0.0172 

Dark grey, uniform 
brittle oxide layer. 

XXIII 

900 

720 

170/0.32 

0.0194 

Light grey thin 
brittle oxide layer 

XX 

950 

600 

234/0.32 

0.0257 

uight grey coloured 
uniform but brittle 
oxide layer. 

XXII 

1000 

600 

212.5/0.375 

0.099 

Dark black oxide 
layer, seperating 
from metal surface 
as an independent 
layer. 


Table No. 3 A 


Sample 

No. 


Oxygen Dura- 
pressure tion 
mm Hg 


Dimensions/ Weigh 
Thickness gain 
2/ (abi) 


mm 


' /mm 


mg/mm* 


Physical Appea- 
rance 


P6 240 560 

P9 360 600 

P10 460 600 

P4 530 560 

P7 650 ' 600 

P8 760 600 


160/0.35 0.0118 

178/0.31 0.0182 

170/0.35 0.0173 

161.5/0.375 0.0198 
180/0.35 0.0205 

180/0.35 0.0233 


Slight tarnishing 
on the metal sur- 
face giving violet 
linch. 

Light grey colour 
oxide layer unifor- 
mly distributed 
over the surface. 

A very light grey 
thin oxide layer, 
uniformly distri- 
buted over the 
surface. 

Dark grey coloured, 
oxide layer, lookinf 
quite rough. 

Dark grey coloured , 
oxide layer, non- 
uni formly distri- 
buted over surface. 

Dark grey co loured 
oxide layer highly 
adherent to the 
surface. 


V 


Table No. 4 


Sampl e 
No. 

Tempe- 

rature 

°C 

Dura- 

tion 

min. 

Dimensions/ ¥eight 
Thickness gain 

mm^/mm ^ 

ma/mm 

Physical Appea- 
rance 

¥ 5 

650 

1060 

180/0.35 

9.99xltf 3 

Dark grey colour 
tarnishing on the 
surface having 
violet tinch 

¥1 

750 

1080 

180/0.35 

0.0188 

Dark grey colour 
oxide layer, highly 
brittle and non- 
sticking to metal 
surface. 

¥2 

850 

1020 

176/0.31 

0.160 

Dark grey colour 
uniform, thick 
oxide layer 

¥8 

850 

1080 

180/0.375 

0.0366 

Light grey colour , 
blistered oxide 
layer 

¥3 

950 

1080 

187/0.35 

0.0422 

Dark grey colour 
adherent oxide 
layer 

¥4 

1000 

480 

180/0.37 

0.212 

Dark blui -sh , black , 
rough, very thick 
oxide layer, 
adherent to metal 
surface. 


TABLE HO. 5 


! 


a 

Thermogravimetric Bata. 


Table 5*1 

Sample No. 35 


Temperature 1 500 °C 

t(min) 

am 

mg/mm 

t(min) 

“"/ 2 

mg/mm 

0 

0 

300 

-3 

1.42 x 10 y 

50 

4.7 6 x 10~ 4 

360 

1.54 x 10-- 

60 

7.14 x 10“ 4 

420 

1.67 x 10"3 

90' 

9.52 x 10 -4 

400 

1 ,78 x lO -5 

120 

1.07 X 10“ 5 

54”' 

1,90 x lO -5 

180 

1 .19 x 10-3 



240 

1.31 X 10" 5 



Table 5*2 

Sample No. 47 


Temperature s 600° C 

0 

0 

300 

3.5 X 10~3 

15 

8.3 x 10" 4 

360 

3-'. 5x 10"3 

30 

-3 

1.25 x 10 

420 

3.95x lO -5 

60 

2.49 x 10“ ^ 

48 O 

4.l6x lO" 5 

90 

2*4 x 10“ 3 

540 

4.37x 10“ 5 

120 ' 

3.12 x 10~ 3 

600 

4.58x lO" 5 

180 

3.33 x 10~3 



240 

3.5 X 10“3 





3 


Table 5.3 

Sample No. 42 


Tenperature : 700°C 

t(min) 

CM 

< 1 ? 

t(min) 

m 0 
mg/mm ^ 

0 

0 

180 

2.81 x IQ" 3 

15 

9.375* 10' 4 

240 

3.43 x 10" 3 

50 

1.25 * 10" 3 

300 

3.75 x ID" 3 

60 

I.56 x 10“ 5 

360 

4.063 

90 

1.875 X 10" 3 



120 

2.19 X 10- 3 



150 

# 2.5 x 10" 3 




Table 5*4 

Sample No. 43 


Tanperature : 950° C 

0 

0 

210 

3.53 x 10~ 3 

15 

5.4 x 10“ 4 

240 

4. 08 x 10~ 3 

30 

8.1 x 10~ 4 

270 

4.34 x 10" 3 

45 

1.08 x 10 

300 

4.89 x 10" 3 

60 

1.63 x 10~ 3 

330 

5.16 x 10 3 

90 

1.90 x 10" 3 

360 

5.43 x 10" 3 

120 

2.17 x 10" 3 

390 

5-54 x 10 3 

150 

2.45 x 10" 3 

420 

5.7 x 10" 3 

180 

2.99 x 10" 5 

450 

5.9 x 10" 3 


Contd 

Table 5 Contd.. 




Table 5.5 

Sample Ho. 45 


Temp.: 800° C 

t(min) 

Am / 2 

t(min) 

2 

mg/nm 

0 

0 

210 

0.00594 

15 

0.00937 

240 

0.00656 

50 

0.00125 

270 

0.00686 

45 

0.00188 

O 

O 

K'N 

0.00719 

60 

0.0025 

330 

0.0075 

90 

0.00313 

36O 

0.00781 

120 

0.00375 

420 

0.00875 

150 

0.00438 

540 

0.00968 

180 

0.00531 

600 

0.0103 


Table 5.6 

Sample Ho. 33 

Temp. 850°G 

0 

0 

270 

0.0105 

30 

0.00265 

300 

0.0108 

60 

0.00497 

360 

0.011 

90 

0.00635 

420 

0.0116 

120 

0.00714 

48O 

0.0119 

150 

0.00767 

540 

0.0121 

180 

O.OO847 

600 

0.0124 

210 

0.00899 



240 

0.952 




of 


Table 5*7 

Sample No. 34 


Temp.: 900° C 

t(min ) 

2 

mg/mm 

t(miu) 

s\m 

9 

' rig/inm*" 

0 

0 

180 

0.1; 05 

15 

0.00256 

240 

0.012 

30 

0.00410 

O 

O 

0.0123 

45 

. 0.00512 

360 

0.0133 

60 

0.00615 

390 

0.0143 

90 

0.00769 

420 

0.0154 

120 

0.00923 

450 

0.0164 

150 

0.00999 

480 

0.0169 

Table 5-8 

Sample No . 39 


Temp. s 950 ° C 

0 

0 

120 

0.0162 

15 

0.0032 

150 

0.01 82 

30 

O.OO64 

180 

0.0205 

45 

0.0091 

210 

0.0237 

60 

0.0104 

240 

0.0273 

75 

0.0114 

270 

0.0299 

90 

0.0123 ' 

300 

0.033 



Table 5.9 

Sample No. 40 


Temp. 1000°C 


0 

0 

180 

0.070 


15 

0,0038 

210 

0.106 


50 

0.0103 

240 

0.135 


45 

0.0136 

270 

0.160 


60 

0.01 68 

500 

0.175 


75 

0.0195 

560 

0.211 


90 

0.0231 

.420 

0.22; 


120 

0.0357 

O 

CD 

0.290 


150 

0.0475 





TABLE NO. 6 





Thermogravimetric Data at 800° 

C for various 

surface finishes. 


Table 6*1 

Sample No. 56 


belt Polished 


t(min) 

Am 

mg/mm 

t(min) 

Am 2 
mg/nsn 


0 

0 

210 

0.0107 


15 

0.00176 

240 

0.0118 


30 

0.00296 

500 

0.0136 . 


45 

0.00585 

360 

0.0154 


60 

0.00505 

420 

0.0168 


90 

0.00651 

480 

0.0176 


120 

0.00769 

510 

0.0163 


150 

0.0086 




180 

0.00976 







Table 6.2 

Sample No . 48 


l/o finish 

0 

0 

180 

0.00654 

15 

0.0019 

210 

0.0068 

30 

0.00208 





240 

0.00744 

45 

0.00238 

270 

0.0080 

60 

0.00297 

300 

O.CO833 

75 

0.00327 

530 

0.0086 

90 

O.OO416 

360 

0.0089 

120 

O.OO535 

390 

0.009 22 

150 

0.00654 



Table 6.3 

Sample No. 45 


4/0 finish 

See table 

5.5 



Table 6.4 

Sample No. 51 


Alumina Polished 

0 

0 

240 

0.00660 

15 

0.00069 

270 

0.00729 

30 

0.00104 

300 

O.OO763 

60 

0.00208 

360 

0.00790 

90 

0.0027 

420 

O.OO835 

120 

0.0038 

48O 

0.00668 

150 

0.00451 

540 

0.00902 

180 

0.00521 



210 

0.00590 



Table 6.5 

Sample No. 52 


Electro polished 

0 

0 

240 

0.00562 

30 

0.00208 

O 

O 

K*\ 

0.0062 

60 

0.00291 

36O 

0.00667 

90 

0.0033 

420 

0.00708 

120 

0.0.00417 

48O 

0.00749 

150 

0.00458 

540 

0.00790 

180 

0.00499 



210 

0.00541 






Table No. 7 

Thermo gravimetric Data 


XII 


Table 7 .1 

Time Weight gain 
(mln -> tmg/mmb 


Sample No. XXVI Temperature: 600°C 

Time Weight gain 
(mg/ mm 2 ) 


2.35x10' 


15 

5. 88x10” 4 

300 

2. 3 5x10" 3 

30 

1.17x10” 3 

360 

2.35xlO" 3 

45 

1. 76xlO” 3 



60 

2.05xl0“ 3 



90 

2.15xl0” 3 



120 

2.35xlO" 3 



180 

2.35xlO” 3 



Table 

7.2 

Sample No. XXV Temperature: 700°C 

0 

0 

360 

5. 5 8x10" 3 

30 

8. 8x10“ 4 

420 

6. 18x10" 3 

60 

2. 06x10“ 3 

480' 

6. 47x10" 3 

90 

2. 6 5x10" 3 

540 

6. 7 6x10“ 3 

120 

3.24xl0” 3 

600 

7.35xlO” 3 

150 

3. 82x10" 3 

660 

7. 9 4x10“ 3 

180 

4. 41x10” 3 

720 

8. 5 3x10” 3 

240 

4. 9 9x10" 3 



o 

o 

5 . 2 9 x 10 “ 3 





Table 

7.3 

Sample Wo. XVI 

Temperature : 800° C 

Time Weight 2 gain 

(min. ) '( mg/mm j 

Time 
(min. ) 

Weight 2 gain 
(mg/mm ) 

Time 
(min. ) 

Weigh£ gain 
mg/mm 

0 

0 

360 

9.72xl0“ 3 

840 

0.0158 

30 

1 . 13 x 10“ 5 

420 

0.0108 

900 

0.016 

60 

2. 78x10“ 3 

480 

0.0116 

960 

0.0166 

90 


540 

0.0136 

990 

0.0172 

120 

4. 9 9x10“ 3 

600 

0.0141 



180 

6. 38x10“ 3 

660 

0.0149 



240 

8. 06x10" 3 

720 

0.0152 



300 

9. 17x10 " 3 

780 

0.0156 



Table 

7.4 

Sample Wo. XXII 

Temperature: 900° C 

0 

0 

180 

0.0138 

660 

0.0192 

15 

3. 5 4x10“ 3 

240 

0.0153 

720 

0.0194 

30 

6. 49x10“ 3 

300 

0.0159 



45 


360 

0.0171 



60 

8. 86x10“ 3 

430 

0.0174 



90 

0.0106 

480 

0.0180 



120 

0 . 0118 

540 

0.0186 




150 


0,0129 


600 


0.0189 



m 


Table 7.5 Sample Ho. XX Temperature: 950°C 


0 

0 

32 

0.0134 

150 

0.0207 

4 

3.95xl0" 3 

36 

0.0138 

180 

0.0215 

8 

6. 81x10" 3 

40 

0.0145 

240 

0.0214 

12 

8.7 9x10 ~ 3 

44 

0.0152 

300 

0.0224 

16 

9. 89x10“ 5 

48 

0.0154 

360 

0.0228 

20 

0.0109 

60 

0.0167 

420 

0.0235 

24 

0.0119 

90 

0,0193 

480 

0.0246 

28 

0.0127 

120 

0.0204 

540 

0.0250 





600 

0.0257 

Table 

7.6 

Sample No. XXII 

Temperature: 1000° C 

0 

0 

40 

0.0157 

270 

0.0445 

4 

4. 2 4x10" 3 

48 

0.0167 

300 

0.0513 

8 

6. 82x10" 3 

60 

0.0178 

330 

0.0583 

12 

8 . 2 3 x 10" 3 

90 

0.0211 

352 

0.0729 

16 

0 .0103 

120 

0.0232 

360 

0.0756 

20 

0.0115 

150 

0.0256 

390 

0.0804 

24 

0.0124 

180 

0.0273 

420 

0.084 

28 

0.0134 

210 

0.0296 

450 

0.086 

32 

0.0143 

240 

0.0338 

480 

0.089 





540 

0.097 





600 

0.099 



XV 


Table No. 8 


Table 

CD 

• 

H 

Sample No . : P6 

Oxygen Pressure : ZA-0 

Time 

(min. 

Weight gain 
^ (mg/mm 2 ) 

Time 

(min. 

Weight gain 
} mg/mm 2 

Time 
(min. ) 

Weight gain 
mg/mm 2 

0 

0 

150 

6. 25x10“ 3 

540 

0.0112 

15 

1.25xl0“ 3 

180 

6.56xlO" 3 

560 

0.0118 

30 

2.19x10”' 3 

240 

6. 87x10 “ 3 



60 

3.75xl0" 3 

300 

7. 5xlO" 3 



90 

4. 68x10 “ 3 

360 

8. 12x10" 3 



120 

5.62xlO" 3 

420 

8. 75x10" 3 





480 

0.01 



Table 

8.2 

Sample No. P9 

Oxygen Pressure : 

0 


180 

9. 80x10" 3 



15 

8. 40x10“^ 

240 

0.0117 



30 

2. 2 4x10“ 3 

300 

0.0131 



60 

4. 48x10“ 3 

360 

0.0148 



90 

5. 3 2x10“ 3 

420 

0.0162 



120 

7. 28x10" 3 

480 

0.0170 



150 

8. 12x10" 3 

540 

0.0176 





600 

0.0182 




XVI 


Table 8.3 Sample No. P10 Oxygen Pressure 460 ’W'"* 

0 240 0.0106 

1.47x10" 3 300 0.0112 

2.35xlO" 3 360 0.0132 

3.82xl0“ 3 420 0.0141 

4. 70x10” 3 480 0.0149 

6. 17x10“ 5 540 0.0107 

8.82xl0" 3 600 0.0176 

9. 4xl0“ 3 • 


Table 

• 

00 

Sample No . P4 

t 

Oxygen 

Pressure 

0 

0 

120 

9.59xlO" 3 

560 

0.0192 

4 

1.5 4x10“ 5 

180 

0.0117 



8 

2. 47x10“ 3 

240 

0.0133 



12 

4. 33xl0“ 3 

300 

0.0148 



16 

4.95xlO" 3 

360 

0.0161 



30 

5. 2 6x10“ 3 

420 

0.0170 



60 

6. 81x10" 3 

480 

0.0183 



90 

8. 67x10" 3 

540 

0.0192 




0 

15 

30 

60 

90 

120 

150 

180 



XVII 


Table 

8.6 

Sample No. P8 

Oxygen Pressure : 760 

0 

0 

240 

0.0138 



15 

2. 2x10“ 5 

300 

0.016 



30 

3. 88x10" 3 

360 

0.0183 



60 

7. 2 2x10 " 3 

420 

0.0203 



90 

8.33x10~ 5 

480 

0.0211 



120 

9. 9 4x10’ 3 

540 

0.0227 



150 

0.110 

600 

0.0233 



180 

0.0116 . 







Table 

No. 9 



CD 

H 

15 

EH 

9 

Sample No. W5 

Temperature: 650 W C 



HRPSw 

f*i j Ci1 

Time 
(min. ) 

Weight gain 
( mg/ min ^ ) 

0 

5. 5 6x10“ 4 

360 

6. 66xl0" 3 

900 

9. 5 8x10 “ 3 

30 

1.1x10“ 3 

420 

7.49xl0" 3 

960 

9.72x10“ 3 

60 

1. 67xl0“ 3 

480 

8. 05x10“ 3 

1020 

9.86xl0" 3 

90 

2 . 22xl0“ 3 

540 

8. 3 3x10" 3 

1060 

9. 99x10" 3 

120 

3. 3 3x10" 3 

600 

8. 61x10" 3 



180 

4. 9 9x10" 3 

660 

8. 74x10“ 3 



240 

6. HxlO" 3 

720 

8. 88x10" 3 



300 

6.66x10 3 

780 

9. 16x10" 3 





840 

9. 30x10" 3 




ZML- 


Table 

9.2 

Sample 

No. ¥1 


Temperature: 750 C 

0 

0 

240 

8.33x10" 

■3 

720 

0.0163 

30 

1.67x10" 3 

300 

9.72x10" 

3 

780 

0.0169 

45 

2. 78x10" 3 

360 

0.0105 


840 

0.0172 

60 

3. 61x10" 3 

420 

0.0119 


900 

0.0175 

90 

4. 72x10” 3 

480 

0.0133 


960 

0.0178 

120 

6. 11x10" 3 

540 

0.0142 


1020 

0.0180 

150 

6. 9 4x10" 3 

600 

0.0149 


1080 

0.0188 

180 

7. 49x10" 3 

660 

0.0115 




Table 

9.3 

Sample No. ¥2 ' 


Temperature: 850°C 

0 

0 

180 

0.0238 


600 

0.0542 

4 

1.70x10" 3 

210 

0.0247 


660 

0.0656 

16 

4. 82x10" 3 

240 

0.0249 


720 

0.0756 

24 

8. 2 3x10" 3 

300 

0.026 


780 

0.0863 

32 

9. 66x10" 3 

360 

0.0278 


840 

0.0954 

48 

0.0108 

420 

0.0308 


900 

0.1056 

60 

0.0122 

480 

0.0340 


960 

0.1272 

90 

0.0159 

510 

0.0378 


1020 

0.160 

120 

0.020 

540 

0.0426 




150 

0.0224 

570 

0.0482 






Table 

9.4 

Sample 

No. ¥8 

Temperature: 850° C 

0 

0 

240 

0.0128 



15 

1.6 6x10" 3 

300 

0.0138 



30 

3.88xl0“ 3 

360 

0.0149 



45 

5. 8 3x10“ 3 

420 

0.0161 



60 

6. 39x10“ 3 

480 

0.0169 



90 

8. 05x10“ 3 

540 

0.0172 



120 

9. 9 9x10“ 3 

600 

0.0178 



150 

0.0108 

660 

0.0194 



180 

0.0111 

1080 

0.0366 



Table 

9.5 

Sample 

No. ¥3 

Temperature: 950°C 

0 

0 

180 

0.0243 

660 

0.0336 

6 

4. 81x10“ 3 

210 

0.0248 

720 

0.0347 

10 

8. 02x10“ 3 

240 

0.0259 

780 

0.0352 

18 

0.0133 

300 

0.0267 

840 - 

0.0363 

30 

0.0152 

360 

0.0278 

900 

0.0379 

42 

0 . 0171 

420 

0.0287 

9.60 

0.0395 

60 

0.0189 

480 

0.0299 

1020 

0.0409 

90 

0.0208 

540 

0.0315 

1080 

0.0422 

120 

0.0214 

600 

0.032 




150 0.0232 


XX 


Table 

9.6 

Sample 

No. W4 

TemP erature; ll ) 6 ’ 0 °C 

0 

0 

60 

0.0378 

304 

0.126 

4 

0.0111 

90 

0.049 

308 

0.137 

8 

0.0138 

120 

0.0636 

312 

0.1538 

12 

0.0156 

150 • 

0.0752 

320 

0,168 

16 

0.0186 

180 

0.0822 

330 

0.175 

20 

0.0205 

210 

0.0933 

36O 

0.191 

32 

0.0238 

240 

0.1019 

390 

0,202 

40 

0.0272 

270 

0.1099 

420 

0, 207 

48 

0.0305 

300 

0.1205 

480 

0.212 




I 


X-ray Diffraction Data for some important compounds 


Compound 

! 


2.69 


2.52 

Fe^O^ 

2.53 

FeO 

2.15 

a Fe 20 j.H 20 

4.21 

]?eCr 2 0 4 

2.51 

FeMoO^ 

2.88 

Mo° 2 

3.41 

MoO, 

5 

3.26 

( Cr , Fe ) 2® 

1.68 

CrgN 

2.10 

CrN 

2.07 

Cr 2 ® ^ 

2.67 

Cr0 2 

3.H 

o 

hi 

O 

V~k! 

4.16 


' values 


1.69 

2.51 

100 

2.95 

1.61 

101 

1.61 

1.48 

100 

2.49 

1.52 

100 

2.69 

2.44 

100 

1.91 

1.61 

100 

1.68 

3.56 

100 

2.42 

1.70 

100 

3.81 

3.46 

100 

3.63 

2.69 

100 

2.58 

2.22 

100 

2.39 

1.46 

100 

2.48 

1.67 

100 

1.63 

2.42 

100 

3-42 

3.36 

100 


2 . ratio 

Card No. 

60 

50 

13-534 

101 

101 

15-615 

85 

85 

11-614 

80 

60 

6-615 

80 

70 

J8-97 

75 

75 

4-759 

70 

40 

16.326 

85 

80 

5-0452 

82 

61 

5-508 

80 

80 

2-1357 

25 

25 

1-1232 

80 

80 

11-65 

96 

90 

6-504 

75 

60 

9-332 

100 

100 

9-47 



II 


Colour of Various Oxides 



- green 

violet, bluish green 

- Black 

- Brown black 

- lead grey 
black 

- whi t i sh-y ello w 

- grey 
black 

- red, brownish- black 

- r ed-br o wni sh 


black 



